ABSTRACT: The nucleotide sequences of a specific region of the nucleoprotein gene were compared in order to investigate the genetic population structure of marine viral haemorrhagic septicaemia virus (VHSV). Analysis of the sequence from 128 isolates of diverse geographic and host origin renders this the most comprehensive molecular epidemiological study of marine VHSV conducted to date. Phylogenetic analysis of nucleoprotein gene sequences confirmed the existence of the 4 major genotypes previously identified based on N-and subsequent G-gene based analyses. The range of Genotype I included subgroups of isolates associated with rainbow trout aquaculture (Genotype Ia) and those from the Baltic marine environment (Genotype Ib) to emphasise the relatively close genetic relationship between these isolates. The existence of an additional genotype circulating within the Baltic Sea (Genotype II) was also confirmed. Genotype III included marine isolates from around the British Isles in addition to those associated with turbot mariculture, highlighting a continued risk to the development of this industry. Genotype IV consisted of isolates from the marine environment in North America. Taken together, these findings suggest a marine origin of VHSV in rainbow trout aquaculture. The implications of these findings with respect to the future control of VHSV are discussed. The capacity for molecular phylogenetic analysis to resolve complex epidemiological problems is also demonstrated and its likely future importance to disease management issues highlighted.
INTRODUCTION
Viral haemorrhagic septicaemia (VHS) is a disease which, until the late 1980s, was widely thought to be confined to farmed rainbow trout Oncorhynchus mykiss in continental Europe. Multiple occurrences of disease have since, however, been associated with European marine aquaculture (Schlotfeldt et al. 1991 , Ross et al. 1994 ) and a widespread marine distribution of the causative agent, viral haemorrhagic septicaemia virus (VHSV), is now acknowledged. Indeed, over 150 virus isolations have now been made from a wide range of marine host species in north European waters (Smail 1995 , Mortensen et al. 1999 , Smail 2000 , King et al. 2001a , Brudeseth & Evensen 2002 . These isolates have been shown to differ from their freshwater counterparts since all of those tested to date have exhibited a generally low pathogenicity to rainbow trout , Skall et al. 2004 . The existence of a marine reservoir of VHSV has, however, been shown to pose a direct risk to turbot culture in Europe , Snow & Smail 1999 , and may represent an emerging risk for other important mariculture and wild fish species.
The etiological agent of VHS is a member of the genus Novirhabdoviridae (van Regenmortel et al. 2000) and as such, has a single-stranded non-segmented negative sense RNA genome consisting of 6 genes in the order 3' N-P-M-G-NV-L 5'. Variability within these genes has been used to investigate the spatio-temporal genetic relationships between a range of freshwater and marine viral isolates. Previous studies based on both nucleoprotein (N) and glycoprotein (G) gene sequences have identified the existence of 4 genotypes of virus, circulating within discrete geographic areas.
Genotype I includes a wide range of viruses originating from freshwater rainbow trout farms in continental Europe (Benmansour et al. 1997 , Nishizawa et al. 2002 , Thiery et al. 2002 , Einer-Jensen et al. 2004 . To date, a total of 28 isolates originating from marine species in the Baltic Sea/Skagerrak/Kattegat and a single isolate originating from the English channel (Atlantic herring Clupea harengus isolate 96-43; Dixon et al. 1997) have also shown to be members of this genotype , Einer-Jensen et al. 2004 ). Interestingly, a single isolate from farmed Japanese flounder Paralichthys olivaceus (isolate JP-KRRV9601; Nishizawa et al. 2002) was also classified within Genotype I, although this isolate is believed to have been accidentally imported (Nishizawa et al. 2002) . The close genetic relationship between marine and freshwater VHSV isolates in Genotype I, coupled with historical evidence, has led to the hypothesis that VHSV in rainbow trout farms may have had a marine origin (reviewed by Dixon 1999) .
A second genotype of VHSV was first identified based on comparative study of the N-gene . This genetic grouping comprised 5 marine isolates recovered from within the Baltic Sea. The existence of this grouping was recently confirmed by analyses of G-gene nucleotide variation (Einer-Jensen et al. 2004) .
A third genetic group has been identified, which includes isolates originating from outbreaks of VHS in turbot farms in the British Isles (UK-860/94, Ross et al. 1994; IR-F13.02.97, J. McArdle unpubl. data) along with 12 isolates from a variety of marine species caught in Scottish waters , Einer-Jensen et al. 2004 . Such findings highlighted the potential risk to turbot mariculture from an endemic marine reservoir of VHSV. Recently, an additional isolate originating from an eel captured in the Atlantic River Loire estuary (FR-L59X), France, has also been shown to be a member of this genetic group (Thiery et al. 2002 , EinerJensen et al. 2004 ).
The final genetic group of VHSV isolates identified to date comprises a range of isolates recovered from wild marine fish in the Pacific Northwest (Benmansour et al. 1997 , Nishizawa et al. 2002 . Isolates from Japanese flounder have also, based on G-gene sequences, recently been shown to be members of this same genotype (Nishizawa et al. 2002) .
Molecular epidemiology has thus far proved to be a powerful tool in understanding the risk presented by the existence of a marine reservoir of VHSV to aquaculture operations. Given the dramatic increase in the number of isolates recovered from the marine environment in recent years, this study sought to further define the genetic population structure of marine VHSV and thus, contribute to the future management and understanding of this significant viral pathogen.
MATERIALS AND METHODS
Cell lines and viruses. The VHSV isolates included in this study are detailed in Table 1 . The epithelioma papulosum cyprini (EPC) (Fijan et al. 1983 ) and bluegill fry trunk (BF-2) cell lines (Wolf & Quimby 1966) were used to propagate virus. Cells were grown at 23°C in Glasgow modified minimal essential medium (G-MEM, Gibco BRL, Life Technologies) or L-15 media (BF-2) supplemented with 10% foetal bovine serum (Sigma-Aldrich).
RNA extraction. Flasks (25 cm 2 ), seeded with the appropriate cell line, were infected with VHSV isolates at a multiplicity of infection (MOI) of approximately 1. At 24 h post-seeding, medium was removed from cell cultures and replaced with 150 µl virus stock diluted to 1 ml with fresh medium. The virus was left for 2 h to adsorb at 15°C prior to the addition of a further 4 ml of medium. Mock-infected control cell cultures were also utilised. Cells were incubated at 15°C until indication of an early cytopathic effect (CPE)(24 to 48 h). At this point, the overlying medium was carefully removed, 2.4 ml TRIZOL (Gibco BRL, Life Tehnologies) were added and the adherent cells were detached using a cell scraper. The TRIZOL from each flask was then passed repeatedly through a pipette prior to transfer of 800 µl to each of three 1.5 ml tubes. Total RNA was then extracted from each tube according to the manufacturer's instructions. Total RNA from each tube was resuspended in 5 µl of diethyl pyrocarbonate (DEPC)-treated water and the purified RNA was pooled for each isolate or control.
Reverse transcription and polymerase chain reaction (RT-PCR). Three separate reverse transcription (RT) reactions were performed for each isolate, each using 5 µl of RNA purified as detailed above. In each PCR reactions were performed in triplicate from separate RT-reactions for each isolate using primers (VN For 5' ATG GAA GGA GGA ATT CGT GAA GCG 3', VN Rev 5' GCG GTG AAG TGC TGC AGT TCC C 3') designed to amplify a region corresponding to bases 1 to 505 of the VHSV N-gene. PCR amplifications were performed in 50 µl volumes under mineral oil, using 28 pmol of each primer, in the presence of 1.5 mM MgCl 2 , 10 mM of each dNTP, 2 units of BioTaq polymerase (Bioline) and 1× PCR buffer (160 mM (NH 4 ) 2 SO 4 , 670 mM Tris-HCl, pH 8.8 at 25°C, 0.1% Tween-20). Template material consisted of 5 µl of cDNA dilution prepared as above. Amplification was conducted on a Techne Genius thermocycler programmed to conduct 35 cycles of denaturing (94°C, 1 min), annealing (55°C, 1 min) and extension (72°C, 1 min) followed by a single final extension step (72°C, 5 min).
Purification and quantification of PCR products. Amplified products were verified by electrophoresis on a 1.5% agarose gel and purified using the Wizard ® PCR Preps DNA purification system according to the manufacturer's instructions (Promega). Purified products were quantified following electrophoresis on a 1.5% agarose gel alongside standards of known concentration.
Sequence determination of the PCR products. The sequencing primers used were those employed in the amplification of the original PCR products. Triplicate PCR products originating from independent RT reactions were sequenced for each isolate. Sequencing reactions were performed using an Applied Biosystems model 373A automated sequencer with the ABI Prism dye terminator sequencing chemistry according to the manufacturer's instructions.
Sequence analysis. Multiple sequence alignment was performed manually using the MacClade program (Macintosh Version 4, Sinauer Associates). Individual sequences were manually cropped to a pre-defined minimum sequence length (335 nucleotides, nt). Duplicate sequences were identified within MacClade and excluded from the data set. The phylogenetic relationship among VHSV isolates was inferred from single representatives of each sequence obtained, using likelihood, distance and parsimony based approaches within PAUP* (version 4.0b8; Swofford 1993) . For the likelihood analysis, the MODELTEST program (Posada & Crandall 1998) 1974) . This model was defined as: rate matrix of A to C = 1, A to G = 0.8460, A to T = 1, C to G = 1, C to T = 0.1625 and G to T = 1; base frequencies equal; proportion of invariable sites (I) = 0; Gamma distribution shape parameter = 1.6368. The optimum tree generated using the maximum likelihood distances was identified using the heuristic search option implemented in PAUP*. Confidence in the resultant tree topology was assessed using 1000 bootstrap iterations (Felsenstein 1985 ) using a distance method based on the maximum likelihood distances, followed by a neighbour joining approach. Significant bootstrap values for the major clades were transferred from this to the tree derived from the original data. Maximum parsimony analysis was also performed within PAUP* using a heuristic search with tree-bisection and recombination (TBR) as the branch swapping algorithm. Mean inter-and intragroup nucleotide and amino acid values were calculated using the MEGA2 package (Kumar et al. 2001) , using the number of differences model. Genotype III (n = 30) Genotype IV (n = 3) MODELTEST was used to identify the model best fitting the data, and the optimum tree generated from maximum likelihood distances using the heuristic search option as implemented in PAUP*. Confidence in the tree topology was assessed using 1000 bootstrap iterations and a distance-based method using the maximum likelihood distances, followed by neighbour joining. Bootstrap values were transferred to the original maximum likelihood tree derived from the actual data. The scale bar indicates the number of substitutions per nucleotide site. Numbers in parentheses (n) indicate the number of isolates assigned to each of the genotypes identified in this study
RESULTS

Nucleotide sequencing analysis
The primer set was capable of specifically amplifying a 505 bp product from all isolates included in this study (data not shown). Following cropping of sequences, a final data set spanning nucleotides 111 to 445 of the VHSV N-gene open reading frame was generated. Alignment and analysis of derived nucleotide sequences revealed the occurrence of 38 unique sequences out of 128 examined. In order to avoid the introduction of bias, a second data set was compiled for use in phylogenetic analysis, which included a single representative of each of the 38 unique sequences identified ( Table 1 ). The largest group of identical sequences was comprised of 60 sequences obtained from isolates of wild marine fish recovered largely from within the Baltic and Kattegat Sea areas between 1996 and 1998. This group included sequences derived from VHSV isolates originating from a wide variety of host species, including Atlantic herring Clupea harengus, sprat Sprattus sprattus, cod Gadus morhua, dab Limanda limanda, plaice Pleuronectes platessa, flounder Platichthys flesus and sand goby Pomatoschistus minutus.
Phylogenetic analysis
The genetic relationships among VHSV sequences are illustrated in the maximum-likelihood derived phylogeny depicted in Fig. 1 . The topology of this phylogeny was consistent with that obtained using both distance-based and maximum parsimony methods (not shown). Four major monophyletic groups or genotypes were identified with high bootstrap values. Genotype I was composed of isolates associated with continental rainbow trout farms since 1962 (subgroup a; total number of isolates included designated within this genotype, n = 21), in addition to a range of more recent isolates from a variety of wild caught marine host species (subgroup b; n = 66). Marine isolates within this group largely originated in the Baltic Sea or Kattegat areas with the exception of isolate UK-96-43, which was obtained from Atlantic herring caught in the English Channel. Although isolate DK-5p11 is listed from Skagerrak, the delineation of this area is an arbitrary one and the origin of this isolate in ICES (International Council for the Exploration of the Sea) square 43G0 (Mortensen et al. 1999 ) is very close to the Kattegat area.
Genotype II represented an additional lineage of virus found within the Baltic Sea in herring, sprat and cod (n = 7). Genotype III included isolates recovered from a range of wild-caught fish species from the North Sea and East Atlantic in addition to isolates associated with disease outbreaks in farmed turbot. Finally, a fourth genotype included the 2 isolates from North America.
Comparison of inter-genotype variation revealed an average of 14 nucleotide changes between isolates from Genotypes Ia and Ib (4.2%; Table 2 ). Average numbers of nucleotide substitutions between other genotypes ranged from 36 to 57 (10.8 to 17.1%; Table  2 ). In terms of amino acid changes, an average of 4 (3.6%) occurred between groups Ia and Ib, and between 12 (10.8%) and 20 (18.0%) Table 2 . Numbers of differences (within and between group averages) between the 4 major genotypes. Above and below diagonal values refer to nucleotide (total number of sites included = 333) and amino acid values (total number of sites included = 111) respectively. Values were calculated using the 'compute between group means' command as implemented in the MEGA2 software package. This function computes an arithmetic average of the number of differences based on all possible inter-group pairwise comparisons. Values in bold refer to the mean numbers of nucleotide and amino acid differences within each genotype. Values were calculated using the 'compute within group means' command in MEGA2. This function computes an arithmetic average number of substitutions for all valid pairwise comparisons within each genotype. No. of unique sequences refers to the total number of different sequences identified within each genotype. Total no. of isolates in genotype refers to the total number of isolates grouped within each of the genotypes in this study groups (Table 2) . Mean variabilities within groups were all lower than 5 (1.5%) for nucleotides and 1 (0.9%) for amino acids, respectively ( 
DISCUSSION
This study supports the distinction of 4 main genotypes of VHSV as previously demonstrated , Einer-Jensen et al. 2004 ) and represents the most comprehensive molecular epidemiological study of marine VHSV isolates conducted to date. Its findings fully support classifications made in all previous works based on glycoprotein gene sequences (Benmansour et al. 1997 , Nishizawa et al. 2002 , Thiery et al. 2002 , Einer-Jensen et al. 2004 ). This is perhaps not surprising since, in the absence of recombination, the results of molecular epidemiological studies should be independent of the genomic site employed, provided the data are sufficiently robust (Nadin-Davies 2000).
The nomenclature used to define genetic groupings is largely arbitrary, which has lead to differences in the naming of groupings defined by previous studies. This situation could create confusion for fish health professionals who might use such studies to underpin fish disease management decisions. Since this and other studies based on the N-gene represent the first to identify the existence of an additional genotype from within the Baltic Sea, the authors suggest the adoption of the nomenclature system reported herein, which is in accordance with that recently adopted by Einer-Jensen et al. (2004) .
In agreement with other studies (Benmansour et al. 1997 , Thiery et al. 2002 , Einer-Jensen et al. 2004 , Genotype I includes isolates associated with rainbow trout aquaculture in continental Europe, in addition to isolates from wild-caught marine fish in the Baltic sea. Strong statistical support was obtained for the existence of this clade, which could be further subdivided into 2 monophyletic groups (Genotypes Ia and Ib, Fig. 1 ). Genotype Ia included only isolates associated with rainbow trout farming in continental Europe except for a single isolate from farmed turbot (isolate DE-7321, Schlotfeldt et al. 1991 in Germany. The molecular epidemiological data supports the original suggestion by Schlotfeldt et al. (1991) that the origin of this outbreak was contaminated outlet water from trout rearing units 25 to 35 km away.
Genotype Ib included isolates originating largely from marine hosts in the Baltic Sea, Skagerrak and Kattegat. Isolate UK-96-43, however, was recovered from wild herring caught in the English Channel. The classification of this isolate within Genotype Ib is at odds with the general correlation between geographic origin and genetic classification. It is, however, possible that this isolation reflects the migratory behaviour of herring stocks, which are known to mix in the Skagerrak and Kattegat.
The inclusion of viruses from freshwater and marine hosts in Genotype I emphasises the close genetic relationship between Genotypes Ia and Ib. Indeed, the average inter-group variability was much lower for Genotypes Ia and Ib than for any other groups. Due to low statistical support values, it was not possible to place the early rainbow trout isolates DK-Hededam (1972 ) or DK-F1 (1962 within either Genotype I subgroup. Their relative positioning in the phylogram, however, supports the notion that rainbow trout isolates may have originated from a Genotype Ib-like ancestor with the subsequent divergent evolution of Genotypes Ia and Ib. Similar conclusions were drawn in the recent study by Einer-Jensen et al. (2004) , who further concluded that Genotypes Ia and Ib diverged from a common ancestor as recently as 50 yr ago. Nucleotide substitution rates of the G-gene in farmed freshwater fish have been suggested to be approximately 2.5 times faster than those in free-living marine fish (Einer-Jensen et al. 2004) . One striking feature of the N-gene data set as a whole was the number of identical sequences spanning a number of years and host species, which may support the notion of an increased genetic stability of marine VHSV over that circulating in aquaculture. Given the apparently lower evolutionary rate of marine VHSV, it follows that the common marine ancestor of rainbow trout pathogenic virus is likely to have been most closely related to the early marine Genotype Ib isolates. The origin of the initial introduction of VHSV into rainbow trout is thus most likely to have been within the Baltic Sea area.
Genotype Ia isolates generally originate from disease outbreaks in rainbow trout farms, whereas Genotype 1b isolates originate from asymptomatic marine fish species and are of low pathogenicity to rainbow trout following water-borne challenge , Skall et al. 2004 . Thus, an adaptation to virulence in rainbow trout appears to have occurred along with the emergence of Genotype Ia isolates. RNA viruses are known to be highly adaptable and exhibit high mutation rates (for review see Holland & Domingo 1998) . Selection pressures imposed by intensive aquaculture are thought to be a driving force behind the high rates of evolution observed in both Genotype Ia VHSV (Einer- Jensen et al. 2004 ) and infectious haematopoietic necrosis virus infecting cultured salmonids in North America . Such anthropogenic effects, including the use of unpasteurised marine feed products in the aquaculture industry, may have contributed to the original emergence of rainbow trout pathogenic VHSV from a marine ancestor.
The second genetic group of isolates supported by this study has been extended to include 7 isolates originating from the Baltic Sea. The identification of a unique genotype within the Baltic Sea could suggest the occurrence of a secondary introduction event into this area at some stage. Alternatively, divergent evolution following occupation of different ecological niches may be, at least in part, responsible for the maintenance of such diversity within the Baltic Sea. Indeed, it has been suggested that these isolates might originate from a discrete fish population endemic to a deep water Eastern Gotland Basin within the Baltic Sea (Einer- Jensen et al. 2004) . What is clear is that Genotype II appears to represent an additional marine lineage, with no clear link to rainbow trout aquaculture, which only serves to strengthen the argument that the origin of freshwater VHSV was most probably in the marine environment. This, coupled to the previous evidence presented, indicates that VHSV was probably not introduced into the marine environment as a result of rainbow trout aquaculture activity in the watersheds that supply the Baltic Sea. This, however, is not to say that subsequent re-introduction from such sources has not occurred.
Genotype III has been extended to include over 30 isolates from the marine environment around the British Isles and includes 2 isolates recovered from outbreaks of VHS in Irish and Scottish turbot farms. Such evidence suggests that the origin of the virus in these outbreaks was the local marine environment and as such, highlights a continued risk to the developing turbot aquaculture industry. Indeed, the demonstration that viruses from this genotype are virulent for turbot provides direct evidence of such risk (Snow & Smail 1999 , King et al. 2001b .
Finally, Genotype IV included VHSV isolates from North America, where VHSV has been repeatedly isolated from marine hosts since the late 1980s (Brunson et al. 1989 , Hopper 1989 , Meyers et al. 1992 , Traxler & Kieser 1994 , Meyers & Winton 1995 , Meyers et al. 1999 , Dopazo et al. 2002 , Hedrick et al. 2003 . Indeed, it was this evidence coupled to the fact that VHS disease has not emerged as a problem in North American aquaculture that proved to be a significant factor in first implicating the marine origin of VHSV in Europe. This genotype has been most extensively studied by Nishizawa et al. (2002) , who extended its range to include a range of VHSV isolates from Japanese flounder in addition to a number of wild fish isolates from the Pacific Northwest. The occurrence of a distinct VHSV genotype (Genotype IV) both in Japan and in the Pacific Northwest, where the disease has never been recorded in rainbow trout, further suggests that a marine reservoir of virus was in existence long before the development of commercial aquaculture in Europe. Indeed, estimates by Einer- Jensen et al. (2004) suggest that Genotypes I and IV diverged around 500 yr ago. Such findings lend further credence to the hypothesis that VHSV, which is responsible for considerable losses to European rainbow trout aquaculture, originated in the marine environment (for review see Dixon 1999) .
Considerable evidence thus exists to indicate that rainbow trout pathogenic VHSV emerged from a Genotype I-type marine ancestor. The evolutionary scenario we describe may be explained by the occurrence of a single introduction or adaptation event followed by expansion of Genotype Ia within trout aquaculture. The existence of such a monophyletic group (Genotype Ia) was supported by the recent study of Einer- Jensen et al. (2004) . These workers did, however, identify rainbow trout pathogenic isolates from Sweden within Genotype Ib, which were probably introduced via direct contact with marine hosts (Einer- Jensen et al. 2004 ). Recent isolates from marine cultured rainbow trout, which were associated with the use of marine feed products in Finland, were also classified in a separate subgroup (Genotype 1d). These findings suggest that rainbow trout pathogenic isolates may have emerged from a Genotype I ancestral source on more than one occasion. The apparent increased risk of re-emergence of Genotype I rainbow trout pathogenic isolates might be related to greater potential contact of rainbow trout with VHSV of this genotype. Indeed, such events might be related to an increased prevalance of marine Genotype I isolates coupled with a high level of rainbow trout aquaculture activity within the Baltic Sea. Alternatively, marine Genotype I isolates may have an intrinsic genetic predisposition towards evolution into a rainbow trout virulent phenotype as compared to other genotypes. Indeed, none of the other genotypes has been associated with disease in rainbow trout aquaculture, despite apparent opportunities for their introduction.
This study has extended our knowledge of the genetic population structure of marine VHSV. Its findings are of significance to the future management of VHSV in Europe, which is currently based on the maintenance of approved zones, where the disease or agent have not been recorded. The acknowledgement of a marine distribution of VHSV, coupled to a lack of distinction between this and rainbow trout pathogenic forms is making the maintenance of such zones increasingly difficult to defend. The method reported herein represents a relatively simple technique with the capacity to both detect and characterise all known variants of VHSV reported to date. Such a tool, coupled to an understanding of the pathogenicity and host-specificity characteristics of marine VHSV is fundamental to future VHS disease management.
